Background-Substrate-based mapping for ventricular tachycardia (VT) ablation is hampered by its inability to determine critical sites of the VT circuit. We hypothesized that those potentials, which delay with a decremental extrastimulus (decrement evoked potentials or DEEPs), are more likely to colocalize with the diastolic pathways of VT circuits. Methods and Results-DEEPs were identified in intraoperative left ventricular maps from 6 patients with ischemic cardiomyopathy (total 9 VTs) and were compared with late potential (LP) and activation maps of the diastolic pathway for each VT. Mathematical modeling was also used to further validate and elucidate the mechanisms of DEEP mapping. All patients demonstrated regions of DEEPs and LPs. The mean endocardial surface area of these potentials was 18±4% and 21±6%, respectively (P=0.13). The mean sensitivity for identifying the diastolic pathway in VT was 50±23% for DEEPs and 36±32% for LPs (P=0.31). The mean specificity was 43±23% versus 20±8% for DEEP and LP mapping, respectively (P=0.031). The electrograms that displayed the greatest decrement in each case had a sensitivity and specificity for the VT isthmus of 29±10% and 95±1%, respectively. Mathematical modeling studies recapitulated DEEPs at the VT isthmus and demonstrated their role in VT initiation with a critical degree of decrement. Conclusions-In this preliminary study, DEEP mapping was more specific than LP mapping for identifying the critical targets of VT ablation. The mechanism of DEEPs relates to conduction velocity restitution magnified by zigzag conduction within scar channels.
C atheter ablation of ventricular tachycardia (VT) is an important treatment to reduce symptoms and defibrillator shocks in patients with heart disease. 1 In high-risk patients referred for VT ablation and in patients with VT storm, successful ablation has also been associated with improved survival. 2, 3 Activation mapping for VT may be the gold standard for identifying the diastolic pathway and critical isthmus, however, it is not possible in cases of hemodynamically unstable VT or where VT is not inducible. Substrate-based mapping and ablation during sinus rhythm or ventricular pacing has therefore become a common strategy in the current era of VT ablation. 4 The targets of substrate-based ablation are subjective and evolving, however, and research is ongoing into how the proposed targets can be linked to the mechanisms of initiation and maintenance of VT. [4] [5] [6] [7] [8] [9] [10] Optimally, the ablation targets identified with substrate mapping would participate in the initiation of or act as diastolic channels for the maintenance of reentrant circuits in VT. Given that conduction delay and unidirectional block are essential for the initiation and maintenance of reentry, 11 identifying these regions by their electrophysiological behavior would be of value in VT mapping.
We hypothesized that ventricular electrograms, which displayed decremental conduction (decrement evoked potentials or DEEPs), are more likely to participate in reentrant VT circuits than conventional substrate ablation targets. We tested this concept with a rigorous reference standard where the entire reentrant path during VT had been mapped simultaneously by intraoperative array mapping. This diastolic pathway was then related to simultaneous mapping of the same region during pacing with extrastimuli to evoke decremental conduction. We also validated our preliminary derivations on DEEP mapping with mathematical modeling and elucidated the mechanism of the participation of these potentials in the initiation and maintenance of VT.
Methods
Approval for this study was obtained from our local institutional review committee. To assess the efficacy of DEEP mapping, we retrospectively analyzed the results of intraoperative mapping from 6 patients with a history of remote myocardial infarction and recurrent reentrant VT, which was refractory to medical therapy. After this, we used the Ten Tusscher human ionic model, 12 with a labyrinthine-conducting channel to mathematically model and derive the relationship of DEEPs with the diastolic isthmus in VT.
Intraoperative Mapping System
The techniques for intraoperative mapping 13, 14 and patient follow-up 15 have been described in detail previously. Briefly, the heart was accessed via a median sternotomy, and cardiopulmonary bypass was initiated. Mapping was performed with a custom-made 112-electrode endocardial balloon, which was inserted into the left ventricular cavity via a left atriotomy and filled with saline to ensure adequate endocardial contact. Each electrode was made of two 2-mm diameter silver beads separated by 1 mm from which bipolar electrograms were recorded.
The bipolar electrograms were amplified, filtered, and recorded using a custom-made mapping system from our institution that has been previously described. 13, 14 Filter settings were 28 to 750 Hz for bipolar electrograms, with signal amplification of ≤20 000 times. This small interelectrode distance between the bipolar electrodes allowed measurements of small local potentials in the range of 50 to 100 μV. High gains were chosen to reveal small diastolic/local abnormal potentials for optimal mapping of diastolic pathways. Electrograms were then digitized at 2 kilosamples/s and stored on a computer for later offline analysis.
Mapping and Ablation protocol
Induction of VT was performed with right ventricular (RV) pacing by the introduction of premature extrastimuli (S2-S4) after a paced train (S1) at a basic cycle length of 400 to 600 ms. The clinical relevance of each induced VT was determined by comparison with previously recorded episodes of VT from the patients with 12-lead ECGs. Surgical cryoablation was then performed at areas considered to be critical for VT maintenance based on activation mapping (as the DEEP method was applied retrospectively).
Substrate Mapping
Two-dimensional color-coded endocardial maps were created from the bipolar electrogram data recorded during RV pacing. Maps are displayed as bulls-eye plots with the apex in the center and the basal left ventricle at the periphery. Electrode row 1 was aligned with the anterior intraventricular groove (the course of the left anterior descending artery), and the rows subsequently continue clockwise to the lateral, inferior, and septal endocardial walls of the left ventricle.
Four types of maps were created for each patient as follows. Voltage (scar) maps were created during RV pacing, where a threshold of ≤0.5 mV was used to define scar. 16 Late potential (LP) maps were created during RV pacing by tagging the latest sharp, nearfield potential occurring after the end of the paced QRS complex ( Figure 1 ).
DEEP Mapping
The basis of this mapping technique was to identify those isolated near-field potentials that delayed in timing with a single extrastimulus. We refer to these as DEEPs because they are identified (evoked) by a decremental extrastimulus. During programmed ventricular stimulation, we annotated the latest sharp, near-field component of the bipolar signals during the pacing train and on the first extrastimulus. The change in timing of the isolated potentials during the pacing train and the extrastimulus with reference to the onset of the QRS on the surface ECG denoted the degree of delay. By measuring timing relative to the onset of the QRS, this corrected for any local latency that may have occurred with closely coupled extrastimuli at the RV pacing catheter (Figure 1 ).
Whenever a LP or fractionated potential was identified during substrate mapping, a pacing train was performed at 600 ms with a single extrastimulus delivered at the ventricular effective refractory period (VERP) +20 ms (stimulation was bipolar at just above threshold value). If the local potential on the mapping catheter delayed, this would be annotated as a DEEP. If the potential blocked, then the extrastimulus could be repeated with a longer coupling interval (ie, VERP +40 ms). To minimize interobserver error when determining the onset of near-field activation, a minimum delay of 10 ms was required for an electrogram (EGM) to be categorized as DEEP. The timing windows for the DEEP maps were then manually set for each patient so that all points with significant delay (≥10 ms) were displayed.
Diastolic Activation Map During VT
After induction of VT, diastole was defined as the time from the end of all QRS complexes on the surface ECG to the beginning of the earliest QRS complex in the applicable leads. Hence, all areas with electrical activity during diastole were displayed, including activation in all bystander areas. Care was taken to annotate only true near-field diastolic activity based on sharp near-field EGMs displaying a high dV/dt. Based on prior studies 17 that the true exit from the diastolic channel into rapid radial spread across the myocardium occurs significantly earlier (30-80 ms) than the onset of the surface QRS, we chose to limit our attention to the middle 70% of the diastolic period (mid-diastolic activation period). This would exclude postexit and preentrance site activations during ventricular diastole.
Pacing maneuvers were not used to discriminate bystander sites from isthmus sites. Instead, because the entire endocardium was mapped simultaneously, the isthmus was defined as the shortest possible diastolic return pathway by examining the activation sequence on adjacent bipoles. Adjacent bystanders were identified as there was no progression of local activation on the surrounding electrodes, indicating a dead-end to conduction. 18
WHAT IS KNOWN
• Substrate based mapping for VT ablation using late potentials, local abnormal electrograms and pace mapping for scar dechanneling and homogenization has become part of the empirical approach.
• These strategies, however, have a low specificity for identifying the specific VT isthmus and they assume fixed barriers of scar and do not detect evidence of functional conduction block and delay that can also determine reentry.
WHAT THE STUDY ADDS
• This study analysed operative mapping data finding that local abnormal potentials which delay with a decremental extrastimulus (decrement evoked potentials or DEEPs) appear to be relatively specific for a VT isthmus.
• In a mathematical model the effect of conduction velocity restitution following extrastimuli was magnified by zigzag conduction within the scar tissue channel producing sufficient delay for reentry involving DEEP regions.
Relating LP and DEEP Mapping to Mid-Diastolic Activation During VT
As previously described, the mid-diastolic segment (70%) of the VT circuit was annotated on all activation maps. The number and position of those bipoles that demonstrated activation during mid-diastole were then compared with the bipoles demonstrating DEEPs and LPs, respectively. Those bipoles showing LPs were also correlated to the regions of DEEPs and vice versa. We also adjusted the voltage on our intraoperative scar maps to look for channels within scar tissue that harbored LPs similar to the protocol performed by Mountantonakis et al 19 and analyzed the sensitivity and specificity of these potentials for identifying the diastolic isthmus.
Modeling Methods
To further validate the DEEP concept and study the mechanisms of decremental conduction in scar channels, a modeling study was performed. Simulations were performed on a 4×4 cm tissue with sealed edges. A scar measuring 2×2 cm was placed in the center of the tissue that was implemented as an unexcitable zone with a single labyrinthine-conducting channel. The major lengths of the channel were oriented along the fiber direction with switchbacks across the transverse direction. 20 Channels were 1 mm wide and ranged from 14.4 to 25.4 cm long. A wave diode (a channel that allows wavefront propagation in only 1 direction) was placed at the exit point of the channel by creating a step reduction in width of the channel to 300 μm for 1 mm and reducing the tissue conductivity of the left half in this portion of the strand. Activity could conduct to the right but not to the left, thereby creating unidirectional block.
Unipolar and bipolar electrograms were recreated by computing the transmembrane currents and calculating the potentials produced by these currents. Electrodes were 1 mm in diameter (placed 500 μm off the surface), and electrode measurements were extracellular potentials averaged over the surface of the electrode. A second sheet of tissue with no scar was placed exactly below the original for far-field signal generation, and any stimulus applied was through both sheets. Far-field activation was determined by the minimum negative derivative of the unipolar electrogram, whereas local activation was measured as the maximum amplitude deflection of a bipole oriented in the cross-fiber direction. The system was solved using a monodomain formulation and the Cardiac Arrhythmia Research Package (CARP) simulator. The tissue was discretized at 150 μm and solved with a time step of 25 μs. The Ten Tusscher 12 human ionic model was used. Ionic model and conductivity parameters were the same for the channel as for the normal myocardium.
Statistical Analysis
The endocardial surface areas of LPs and DEEPs were calculated by adding up the total number of bipoles displaying these potentials and expressing them as a percentage out of 112 (the total number Figure 1 . A, Recordings from 2 bipoles close to a ventricular tachycardia exit site during right ventricular pacing. The surface ECG is shown for reference, and pacing stimulus artifacts are indicated. The last 2 beats of the pacing train are followed by 3 extrastimuli. After the first pacing spike on bipole 2, a low-frequency far-field ventricular ECG (electrogram [EGM]) is seen (*) followed by a high-frequency near-field EGM ( †), which constitutes a late potential (LP). How the timing of this LP was annotated for LP maps is shown. The highfrequency local potential on bipole 2 demonstrates significant delay followed by block with the extrastimuli ( ‡); however, the local EGM on bipole 1 retains relatively fixed timing and does not block. The timing of decrement evoked potentials (DEEPs) for DEEP maps were annotated from the beginning of the surface QRS to correct for latency (as shown). B, The last beat from the pacing train and the first extrastimulus. Clear delay of the near-field potential is seen at this site indicating the presence of a DEEP. The percentage of the endocardial area on array mapping that consisted of LPs and DEEPs are shown as a percentage of the total electrodes on the array. DEEPs indicates decrement evoked potentials; ICM, ischemic cardiomyopathy; LPs, late potentials; and VT, ventricular tachycardia. December 2015 of bipoles). The sensitivity and specificity of the LP and DEEP maps were calculated individually for each VT and expressed as the mean±SD. Where multiple VTs occurred in the same patient, these values were averaged to account for intrasubject correlation. Comparison was made using a Wilcoxon signed-rank test. A P value of <0.05 was considered statistically significant. . Bipoles A to K are located sequentially within the diastolic pathway of the VT circuit. During right ventricular pacing (S1), local abnormal potentials can be seen on bipoles F, I, and J, and these would be annotated when creating a late potential (LP) map. With the introduction of a premature stimulus (S2), there is marked delay of the local electrograms across all bipoles from A to J. With S3, there is block (*) of the local potential on bipole I, and subsequently with S4, there is block (*) at the VT exit site (bipole J). Block at the VT exit site and conduction delay through the entrance to the diastolic isthmus sets up the environment for the reentrant circuit to begin. Bipoles A to J then span the entire diastolic limb of the VT circuit. This VT initiation demonstrates the concept of decrement evoked potential mapping; that conduction delay precedes unidirectional block and the initiation of tachycardia at critical points in the VT circuit. Measurements on S1 and S2 from bipoles A to F show the degree of delay of the local potential from QRS onset in milliseconds. Substantial delay occurs at bipoles A and B with the extrastimulus, and minimal additional decrement occurs further down the isthmus from bipoles C to F. B, An enlarged image of bipole H from A. The split potential following S1 is enlarged to clearly show the polarity of the local component ( †). With S4, block to bipole H occurs through the exit site of the VT isthmus, and this bipole is subsequently activated via the VT entrance site from the opposite direction. This change in direction of activation leads to an exact polarity change in the local electrogram ( ‡). C, A corresponding scar map of the LV with the voltage scale on the right. Apical electrodes are at the center, basal electrodes at the periphery, and spline 0 is oriented to the anterior interventricular groove. Heterogeneous scar is found at the apex and extends to the inferobasal region. The diastolic pathway of the VT shown in Figure 2A is drawn (red arrow), and the corresponding electrodes are labeled.
Results

Simultaneous Global Mapping Study
Nine VTs from 6 patients (3 patients with 2 VTs each) were analyzed. Clinical characteristics and tachycardia cycle lengths from each patient/VT are shown in Table. Connecting Decrement to Unidirectional Block and VT Both Figures 1 and 2 demonstrate LPs that delay when an extrastimulus is delivered from 2 different cases. In both cases, 3 extrastimuli are given, which result in progressively greater delay of multiple local potentials, followed by block in some of those LPs. In both cases, delay of the local potentials occurs over and above the latency caused by premature RV stimuli. In the case of Figure 2 , this delay and block result in the initiation of VT. Figure 2A shows significant delay in the timing of local activation at bipoles A to F, whereas local activation at bipole K does not delay. Figure 2C demonstrates that bipole K is likely to be just beyond the exit site of the VT isthmus within healthy tissue, explaining why this potential does not delay (or display decremental conduction). As the RV pacing wavefront travels across the ventricular septum during the pacing train, it invades the diastolic isthmus from both ends (both the entrance and the eventual exit site of the VT isthmus). Significant decrement begins at bipoles A and B with the extrastimuli, and although significant decrement is seen at bipoles C to F, no additional decrement seems to occur between bipoles C to F themselves. Rather they appear to decrement as a result of the sum of all the preceding decrement in the circuit up to that point (most of which occurred around bipoles A and B). The local potentials also delay at bipoles G to J, until block occurs between bipoles I and J on the third extrastimulus and instead of wave fronts colliding at bipoles G and H, these electrode pairs become activated from the opposite direction and VT initiates. Figure 2B demonstrates the reversal of electrogram polarity at bipole H with VT initiation because it is now activated by a wavefront traveling in the opposite direction. In 4 of the 6 VTs that were initiated with a single stable morphology, this phenomenon preceded VT onset.
In Figure 2 , the diastolic pathway of the VT is delineated by electrodes A through J (with A defining the entrance and J the exit). The local electrograms at all of these electrodes show delay and would be classified as points of interest by DEEP mapping. Converse to this, LPs are only seen at bipoles F, I, and J during the pacing train. Hence, this figure illustrates greater sensitivity for DEEP mapping in identifying the diastolic pathway of this VT over conventional LP mapping. This same diastolic pathway is used in the opposite direction to produce a second VT morphology in Figure 3 . This VT was induced during an attempt to overdrive pace the previous VT and demonstrates how DEEP mapping may identify points that are critical to more than 1 ventricular tachycardia morphology or circuit.
Substrate and Activation Maps
Areas displaying diastolic activity were found within areas of scar or scar borders in all patients. In all mapped VTs, at least two thirds of the diastolic pathway was mapped, and on average the diastolic pathway of VT encompassed 18.8±9.7% of the total endocardial surface area. Substrate and activation maps are shown from a different simultaneous global mapping case in Figure 4A . The diastolic activation map seems to correspond with the voltage (scar) map to demonstrate a diastolic isthmus that travels between the 2 regions of dense scar at the mid anterolateral endocardium (white arrows). The DEEP map colocalizes with the entrance and exit portions of this diastolic channel; however, the LP map only identifies potentials in scar border zones at the apex, away from the diastolic circuit.
DEEPs Colocalize With the Diastolic Pathway in VT
All patients demonstrated areas of LPs and DEEPs, with an area of 21±6% and 18±4%, respectively, P=0. 13 . There was overlap in areas demonstrating both LPs and DEEPs at 7±2% of the endocardial surface. Areas with LPs also demonstrated DEEPs in 37±13% of electrode pairs, and DEEPs similarly originated from LPs at 45±19% of electrodes. The sensitivity of substrate mapping for identifying areas with mid-diastolic activation was 50±23% for DEEP mapping and 36±32% for LP mapping (P=0.31). However, the specificity of DEEP mapping (43±23%) was significantly higher than that of LP mapping (20±8%, P=0.031). Figure 2 . Left, VT is seen with an inferior axis (VT-1) with diastolic activation running from bipole A (entry) through middiastole (E-G) and finally exiting close to bipole J. After attempted, pace termination VT-2 was induced (right) with an approximately opposite diastolic activation pattern and a superior axis. The cycle lengths both approximate each other suggesting VT-2 uses the identical diastolic pathway to VT-1 but in the opposite direction. This figure demonstrates how regions with decrement evoked potentials (DEEPs) can form the substrate for multiple VT morphologies and multiple variations of the same diastolic pathway. December 2015
When we examined the points that displayed the greatest decrement in each case (8 points per case), the sensitivity for identifying the diastolic isthmus was 29±10% (P=0.031 compared with all DEEPs), and the specificity was 95±1% (P=0.031 compared with all DEEPs). The mean amount of decrement (adjusted for latency) seen at these points was 27±13 ms. The mean sensitivity of LPs within scar channels was 34.3% (P=0.25 compared with all DEEPs), and the specificity was 91.9% (P=0.1 compared with all DEEPs) for identifying the VT isthmus in this cohort. Only 3 of the 6 intraoperative cases in this study, however, displayed LP-positive scar tissue channels. The likelihood ratios for identifying the diastolic isthmus for these 4 methods are detailed in Figure 4B .
Modeling Study
One edge of the tissue was stimulated to create a planar wavefront at a constant S1 cycle length of 500 ms. Regardless of the Figure 4 . A, An example of 4 different left ventricular (LV) endocardial maps from the same patient (apex at the center and base at the periphery). The voltage map shows an area of apical scar with extension to the anterolateral walls. The diastolic channel on the activation map is found at the anterolateral wall in a region with borderline voltages sandwiched between dense scar (white arrows define the diastolic pathway). The late potential map identifies electrograms at the LV apex around scar border zones that are remote from the diastolic pathway of the mapped ventricular tachycardia (VT). The decrement evoked potential (DEEP) map, however, corresponds to early and late isthmus sites; suggesting a greater specificity for identifying ablation targets in this VT. B, True-positive results plotted against falsepositive results to generate likelihood ratios for late potentials (LPs; 0.54), DEEPs (0.92), LPs within scar channels (2.52), and points with the greatest decrement or maximum DEEPs (6.3) to identify the diastolic isthmus. The mean likelihood ratios are given above with the 95% confidence intervals on the figure. direction of propagation, the wavefront entered the channel at one end but was blocked at the other end by the wave diode. Below a channel length of 25.4 cm, the wavefront would meet refractory tissue, as it exited the channel at the wave diode and be extinguished. If the channel was longer, the excitation wavefront would exit the scar and reenter the channel at the previous entry site.
We chose a channel length slightly shorter than that producing reentry and applied an S2 after a train of 4 S1 stimuli. In this case, the wavefront did not exit the channel during the pacing train but did exit after the S2 pulse. The S2 needed for reentry (adequate decrement) was dependent on the direction of the wavefront (being 260 ms with inferior stimulation or 310 ms from the sides of the tissue model). We then created a DEEP map that showed an increase in the degree of decrement along the length of the channel with the greatest value at the exit site.
The only factor in our model to account for decrement and delay was conduction velocity (CV) restitution. For this reason, we also examined the effect of reduced Na conductance in the channel (which is known to affect CV, see Figure 5C ). The CV inside the scar channel was reduced, and the slope of the CV restitution curve was also mildly reduced ( Figure 5C ). Given the length of the scar channel, however, the wavefront transit time was still noticeably increased, irrespective of Na conductance.
Discussion
During simultaneous global intraoperative mapping, we found that potentials with decremental properties within scar or at scar border zones can identify targets for ablation that are more likely to participate in VT circuits than the targets of conventional substrate mapping. In this setting, the use of DEEP mapping identified the diastolic pathway with greater specificity than LP mapping. The primary advantage of DEEP mapping is to identify ablation targets without the need for VT induction and to identify specific targets in the diastolic pathway of the VT, which allows for a safer and more focused ablation strategy.
Prior studies suggest that at least 20% of the time patients have no inducible clinical tachycardia at the time of study. 6, 7 Even when induced, factors such as hemodynamic compromise, lack of capture during entrainment, inability to delineate the entirety of the diastolic pathway, 21 and termination/conversion of tachycardia during entrainment limit the utility of activation mapping for VT ablation. Thus, the most frequent strategy currently used for VT ablation is a combination of activation and substrate mapping. 22, 23 Substrate mapping currently involves careful delineation of the scar and surrounding areas during sinus rhythm or ventricular pacing 24 to target sites of fractionated, double, or LPs. The identification of LPs or local abnormal ventricular activations (LAVAs) is subjective, and in some cases, scar border zones may be abundant with LAVA. This article deals with the issue of looking at LAVAs and determining which of these potentials is a physiologically meaningful target. Hence, the primary difference between this study and that by Jais et al 5 is that we attempted to refine the subset of LAVAs to those potentials that are more likely to participate in VT circuits and provide a more focused ablation strategy. Our study provides further evidence that the majority of LPs are not involved in Figure 5 . A, A model of myocardial tissue with scar. Normal myocardium is in black, and unexcitable tissue (scar) is white. The yellow arrow indicates fiber direction, and a wave diode (a channel that allows wavefront propagation in only one direction) is shown in detail at the bottom. Within the wave diode, pink squares represent myocardium with normal conductivity, blue squares have conductivity reduced to 25%, and white is unexcitable. B, The simulated decrement evoked potential map from left edge stimulation (there is progressively increasing delay of the local potential with progression further down the isthmus). C, Conduction velocity restitution curves measured inside the channel at location 3 for 3 levels of Na channel conductance (black lines). With decreasing Na channel conductance (simulating scar/abnormal tissue), there is a decrease in conduction velocity. D, Unipolar and bipolar electrograms measured at the locations indicated in A (locations 1, 2, 3, and 4). Three S1 pulses are shown (delivered along the left edge of the tissue model) followed by 1 S2 impulse. Delay of the near-field potential (green squares) is seen clearly at position 3 (mid isthmus) and is greatest at position 4 (close to the exit). tachycardia circuits (specificity for LP mapping 20±8%) and is consistent with previous studies of substrate mapping. 19 When DEEPs with the greatest decrement were examined, the specificity for the diastolic isthmus was 95±1% in this study (with a likelihood ratio for identifying the diastolic isthmus of 6.3). This was similar to the specificity for LP positive scar channels in this study (91.9%), however, only 3 of the 6 intraoperative cases displayed LP-positive scar channels in this cohort. In the study by Mountantonakis et al, 19 46% of patients had LP-positive scar channels, suggesting that this specific finding is only present around half the time.
Even when LPs are clearly visible beyond the QRS and sometimes well into diastole, these LPs may represent fixed delayed conduction into scarred myocardium. It is primarily the regions of the myocardium that display decremental conduction, however, which allows the time for blocked regions to recover excitability that can initiate reentry. Regions of the myocardium, where conduction blocks without adjacent delayed conduction, may not have sufficient excitable gap to initiate or sustain reentry. The concept of decrement preceding unidirectional block has been shown elegantly in atrial tissue sections. Lammers et al 11 used a rabbit model to show that regions, which demonstrated the greatest decrement, did indeed correlate with the sites of exit of reentrant tachycardia. This is consistent with our VT mapping and modeling data. Improved sensitivity of DEEPs over LPs in some instances in the intraoperative study (although not statistically significant overall) may be because these abnormal potentials are hidden within the QRS or the far-field EGM at baseline. Local abnormal potentials (which represent small diastolic channels) may be difficult to see in the presence of a large far-field EGM. When they are stressed by a closely coupled extrastimulus, however, decremental conduction in these channels may delay this small diastolic potential so that its timing is well beyond the QRS or far-field EGM making it more evident. 5 The inability to identify the presence of these potential diastolic channels during fixed pacing is likely to be the reason for the improved sensitivity in some instances with DEEP mapping.
The concept of unidirectional block at the initiation of reentrant tachycardia is not new. Previous studies of postinfarct VT initiation mechanisms in both animals 25 and humans 26 have confirmed that VT induction is dependent on unidirectional block. Furthermore, it has been suggested that the site of unidirectional block may be close to the exit of a subsequently induced VT. 26 In this study, Figures 2 and 3 demonstrate how decrement can lead to different modes of VT initiation using the same diastolic path. In Figure 2C , if sufficiently delayed conduction occurred in an impulse traveling in the direction from bipoles K to A so that the myocardium was not refractory when the impulse exited at bipole A (assuming the diastolic isthmus had no retrograde invasion), then reentrant VT could be initiated where bipole A was the exit site (as in Figure 3 ). Conversely, in the example in Figure 2A , delay and then block occurs at bipoles I and J, so that these bipoles then become the exit site for VT. In this way, the directionality of the paced wavefront may affect the VT that is induced 27 and whether local potentials decrement or not. DEEP mapping requires further validation in other cardiomyopathy substrates and in atrial tachycardias, where decremental conduction, unidirectional block, and reentry are also common.
Some studies suggest that points of decrement in VT circuits are not within the protected isthmus itself but represent the points of wavefront turn around just proximal and distal to the true isthmus. 28 The degree of decrement seen may relate to the degree of wavefront curvature 29 or to the change in the direction of wavefront propagation relative to myocardial fiber orientation. 30 In our modeling study, a closer coupled extrastimulus was needed to initiate reentry when stimulation was performed inferiorly (so the wavefront travelled parallel to myocardial fiber orientation), as opposed to from the side of the model (with a perpendicularly oriented wavefront). In the surgical study, Figure 2A demonstrates that significant decrement is seen at bipoles A and B with an extrastimulus (entrance site), however, there is little additional decrement along the isthmus between bipoles C and F, consistent with this premise. Creating DEEP maps, however, displays the total amount of decrement in the circuit up to the bipole in question. In this way, midisthmus points will be annotated late on a DEEP map (signifying their importance) even when the greatest degree of decrement may be occurring just before or after the protected isthmus.
The reason for decremental conduction seen at DEEPs from our computer simulation was CV restitution. Consider a wavefront approaching a scar (as we have modeled) with an electrode at point 4 ( Figure 5 ). Far-field activation is detected at point 4, as the wavefront travels through the adjacent healthy myocardium. Local activation at point 4 (near field), however, occurs significantly later because the wavefront from the initial stimulus has to travel a much greater distance through the zigzag-shaped scar channel. The time delay between the far-field and near-field electrograms will be relative to the distance through the scar channel to point 4 minus the distance through the myocardium to point 4, divided by the CV. At faster pacing rates, CV will slow, and further delay will be seen in the near-field signal with respect to the far-field signal, creating what we refer to as DEEPs. Accordingly, the greatest amount of delay was seen in DEEPs that were closest to the exit sites in our scar model ( Figure 5D ). DEEPs are seen best, where CV restitution leads to the greatest decrease in CV, explaining the mechanism by which DEEPs highlight reentrant pathways.
Pacing within regions of scarred myocardium and looking for a morphology match to the clinical VT and a long stimulus to QRS interval to identify the critical isthmus during substrate mapping has been used. [4] [5] [6] [7] [8] [9] [10] Both pace mapping and the DEEP method, however, will also identify bystander sites adjacent to the critical isthmus. In a study by Nayyar et al, 9 channels with a slower CV were more likely to be involved in VT circuits, although absolute CV measurements have significant limitations 9 and require relative measurements from multiple pacing sites. A further study suggests that the regions with the latest activation in sinus rhythm are infrequently associated with successful ablation sites, whereas slowly conducting regions that propagate into the latest zone of activation do correlate with successful ablation sites during VT. 31 
Limitations
This study primarily examined arrhythmias in patients with ischemic cardiomyopathy in the derivation set. Ideally, the efficacy of DEEP mapping and ablation should be tested in a prospective fashion with a clinical end point, such as recurrence of symptomatic VT or implantable defibrillator therapies. We are currently conducting this prospective clinical trial using contemporary electroanatomic mapping systems in the electrophysiology laboratory setting.
In the modeling study, we used a 2-dimensional (2D) model with a single-scar tissue channel that did not allow retrograde wavefront invasion because of the wave diode. This illustrates the role of DEEPs in reentry, however, it is an oversimplification from clinical practice, where scars are 3D, infarction is heterogeneous and multiple scar tissue channels may be seen.
Conclusions
DEEP mapping assesses the decremental properties of myocardial potentials and may provide a unique strategy for substrate-based VT ablation that is mechanistic. DEEP mapping identified the diastolic pathway of VT with greater specificity than LP mapping in the intraoperative part of this study. Mathematical modeling shows that the mechanism of DEEPs relates to CV restitution magnified by zigzag conduction in scar channels. This strategy provides a mechanistic framework for a more focused VT substrate ablation.
